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Proton resonant states in 18Ne have been investigated by the resonant elastic scattering of 17F+p.
The 17F beam was separated by the CNS radioactive ion beam separator (CRIB), and bombarded
a thick H2 gas target at 3.6 MeV/nucleon. The recoiled light particles were measured by using
three sets of ∆E-E Si telescope at scattering angles of θlab≈3
◦, 10◦ and 18◦, respectively. Four
resonances, i.e., at Ex=6.15, 6.30, 6.85, and 7.05 MeV, were observed clearly. By R-matrix analysis
of the excitation functions, Jpi=1− was firmly assigned to the 6.15 MeV state which is a key state
in calculating the reaction rate of 14O(α,p)17F reaction. This reaction was thought to be one of the
most probable key reactions for the breakout from the hot-CNO cycle to the rp-process in type I
x-ray bursts In addition, a new excited state observed at Ex=6.85 MeV was tentatively assigned as
0−, which could be the analog state of 6.880 MeV, 0− in mirror 18O.
PACS numbers: 25.60.-t, 23.50.+z, 26.50.+x, 27.30.+t
Explosive hydrogen and helium burning are thought
to be the main source of energy generation and a source
for the nucleosynthesis of heavier elements in cataclysmic
binary systems, such as in novae, x-ray bursts, etc. [1, 2].
Also they provide an important route for nucleosynthe-
sis of elements up to masses 100 region via the rapid-
proton capture process (rp-process) [3]. According to
the previous estimation [2] the 14O(α,p)17F reaction is
probably one of the key breakout reactions from the hot-
CNO (HCNO) cycle to the rp-process in Type I x-ray
bursts (XRBs). XRBs are driven by a thermonuclear
runaway on the surface of an accreting neutron star, and
the accretion disk has a very high density of ρ=103–106
g/cm3. The breakout from the HCNO cycle and the on-
set temperature of the rp-process mainly depend on the
cross section (or reaction rate) of the 14O(α,p)17F re-
action. Actually, the resonant contribution dominates
the 14O(α,p)17F reaction rate, and therefore knowledge
of the resonant properties for those excited states above
the α threshold (Qα=5.115 MeV [4]) in compound nu-
cleus 18Ne is required. So far, although our understand-
ing in the reaction rates of 14O(α,p)17F has been greatly
improved via, for example, indirect studies [5–9], direct
studies [10, 11], as well as time-reversal studies [12–14],
most of the resonant properties (such as, Jpi, Γα and Γp)
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have not been sufficiently well determined over stellar
temperatures achieved in XRBs.
In temperature region below 1.0 GK, a 1− state at
Ex=6.15 MeV dominates the
14O(α,p)17F rate, while
other high-lying states dominate at high temperatures
(1–3 GK) relevant for XRBs [5]. Thirty years ago, Wi-
escher et al. [15] predicted a Jpi=1− state at Ex=6.13
MeV in 18Ne with a width of Γ=Γp=51 keV based on a
Thomas-Ehrman shift calculation. A spectroscopic fac-
tor of C2S=0.03, obtained from the 6.198 MeV 18O ana-
log state was adopted in their calculation. Later on,
Hahn et al. [5] found a state at Ex=6.15±0.02 MeV in
both reactions of 16O(3He,n)18Ne and 12C(12C,6He)18Ne,
while not in the 20O(p,t)18Ne reaction. The transferred
angular momentum was restricted to be L≤2 from the
measured (3He,n) angular distribution. Based on a
Coulomb-shift calculation andWiescher et al. prediction,
a Jpi=1− was assigned to this 6.15 MeV state. Go¨mez del
Campo et al. [6] studied the resonances in 18Ne by using
the elastic scattering of 17F+p, and fitted the 6.15 MeV
state with 1− by R-matrix analysis of the excitation func-
tion. However, the above 1− assignment for the 6.15 MeV
state was questioned by a careful R-matrix reanalysis [16]
of the previous data [6]. If it were 1− state, He et al. [16]
thought that the 6.15 MeV resonance should behave as
a groove-like structure in the excitation function, due to
the interference between the resonant and potential scat-
tering. Unfortunately, our recent low-statistics measure-
ment could not resolved this state [17]. Most recently,
2PPACa PPACb
3°
10°H gas target2
18°
F
17
540 mm 108 mm 300 mm
DE-E
FIG. 1: Schematic diagram of the experimental setup at F3
chamber, similar to that used in Ref. [30].
Bardayan et al. [18] reanalyzed the elastic-scattering data
in Ref. [7] and also found a groove-like structure, how-
ever, the poor statistics is not sufficient to constrain the
parameters of such a resonance. Therefore, three possi-
bilities arise: (i) the data reduction procedure might have
some problems in Ref. [6]. They had to reconstructed the
excitation functions (above 2.1 MeV) with some technical
treatment since their high-energy protons escaped from
two thin Si detectors; (ii) the peak observed in Ref. [6]
may be due to the inelastic-scattering contribution [18],
or the carbon (from (CH2)n target itself) induced back-
ground which was not measured and subtracted accord-
ingly; (iii) the 1− assignment for the 6.15-MeV state was
wrong in Ref. [6]. If their data were correct, it shows that
the 6.15-MeV state most probably has a 3− or 2− assign-
ment, while the 6.30-MeV state is the key 1− state [16].
In this case, the calculated reaction rates for 14O(α, p)17F
are quite different from the previous estimations [16]. In
order to clarify the above discrepancies, we have per-
formed a new 17F(p,p)17F elastic scattering measurement
with a thick-target method [19, 20, 32], which proved to
be a successful technique in our previous studies [22–26].
The experiment was performed using the CNS radioac-
tive ion beam separator (CRIB) [27, 28], installed by the
Center for Nuclear Study (CNS), University of Tokyo,
in the RIKEN Accelerator Research Facility. A primary
beam of 16O6+ was accelerated up to 6.6 MeV/nucleon
by an AVF cyclotron (K=70) with an average inten-
sity of 560 enA. The primary beam bombarded a liquid-
nitrogen-cooled D2 gas target (at 90 K) [29] where the
radioactive ion (RI) beam of 17F was produced via the
16O(d,n)17F reaction in inverse kinematics. The D2 gas
in 120 Torr pressure was confined in a 80-mm long cell
with two 2.5 µm thick Havar foils. The 17F beam was
separated by the CRIB separator and identified by using
a in-flight method. The 17F beam, with a mean energy of
61.9±0.5 MeV and an average intensity of 2.5×105 pps,
was bombarded a thick H2 gas target in an F3 chamber.
The beams were stopped completely in this target.
The experimental setup at F3 chamber is shown in
Fig. 1, which is quite similar to that used in Ref. [30].
The beam purity was about 98% after passing through a
Wien-filter, which is capable of purifying the secondary
beam efficiently. Two PPACS (Parallel Plate Avalanche
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FIG. 2: Identification plot for the beam particles before tar-
get.
Counters) [31] were used for measuring time and two-
dimensional position information of the beam particles.
The beam profile on the secondary target was monitored
by the PPACs during the data acquisition. The beam
particles were identified in an event-by-event mode by us-
ing the abscissa of PPACa, and the TOF between PPACa
and the RF signal provided by the cyclotron. Fig. 2
shows the particle identification just before the secondary
target. The H2 gas target in a 600 Torr pressure was
housed in a 300-mm-radius semi-cylindrical shape cham-
ber sealed with a 2.5-µm-thick Havar foil as a beam en-
trance window and with a 25-µm-thick aluminized Mylar
foil as an exit window. Comparing to the solid polyethy-
lene (CH2)n target, the gas target is free from intrinsic
background contributions.
The recoiled light particles were measured by using
three sets of ∆E-E Si telescope at averaged angles of
θlab≈3
◦, 10◦ and 18◦, respectively. In the c.m. frame
of elastic scattering, the relevant averaged scattering an-
gles are determined to be θc.m.≈155
◦±18◦, 138◦±20◦ and
120◦±22◦, respectively. At θlab≈3
◦, the telescope was
consisted of a 65-µm-thick W1-type double-sided-strip
(16×16 strips) silicon detector and two 1500-µm-thick
MSX25-type pad detectors. The last pad detector was
acted as a veto to eliminate the high energy proton back-
ground. The configuration of other two telescopes is sim-
ilar to that at θlab≈3
◦, just no third veto detectors. The
position sensitive ∆E detectors measured the energy, po-
sition and timing signals of the particles, and the pad
E detectors measured their residual energies. The re-
coiled particles were clearly identified by using a ∆E-E
method. The energy calibration for the silicon detectors
was performed by using a standard triple α source, and
the secondary proton beams at several energy points. In
3addition, an Ar gas at 120 Torr filled in the gas target
chamber, was used in a separate run for evaluating the
background contribution.
For inverse kinematics, the center-of-mass (c.m.) en-
ergy Ec.m. of the
17F+p system is related to the energy
Ep of the recoil protons detected at a laboratory angle
θlab by [? ]
Ec.m. =
Ab +At
4Abcos2θlab
Ep, (1)
where Ab and At are the mass numbers of the beam and
target nuclei. This equation is valid only for an elastic
scattering case. Practically, Ep was converted to Ec.m. by
assuming the elastic scattering kinetics and considering
the energy loss of particles in the target. The laboratory
differential cross sections (dσ/dΩ) for 17F+p elastic scat-
tering at energy Ep and angle θlab are deduced from the
proton spectrum by the following equation [32? ]
dσ
dΩlab
(Ep, θlab) =
N
I0Ns∆Ωlab
, (2)
Where N is the number of detected protons, i.e., at en-
ergy interval of Ep → Ep + ∆E and scattering angle of
θlab, which are measured by a Si telescope covering a solid
angle ∆Ωlab. I0 is the total number of
17F beam parti-
cles bombarded the H2 target, and it is considered to be
constant in the whole energy region. Ns is the number
of H atoms per unit area per energy bin in the target
(dx/dE) [33]. The transformation of the laboratory dif-
ferential cross sections to the c.m. frame is given by [?
]
dσ
dΩc.m.
(Ec.m., θc.m.) =
1
4cosθlab
dσ
dΩlab
(Ep, θlab). (3)
Unlike thin solid target, the gas target has a length of 300
mm, and hence one has to take care of the accuracy of
reaction-position determination. The uncertainty of the
reaction position can cause the error of the solid angle
∆Ωlab (∼3%), which is the main error in cross-section
data other than the statistical one (∼1%).
The reconstructed excitation functions of 17F+p at two
scattering angles are shown in Fig. 3. The background
was subtracted with the data taken from the Ar gas run.
Several resonance structures were clearly observed. In or-
der to determine the resonant parameters of observed res-
onances, the multichannel R-matrix calculations [34–36]
(see examples [16, 37]) that include the energies, widths,
spins, angular momenta, and interference sign for each
candidate resonance have been performed in the present
work. A channel radius of R=1.25×(1+17
1
3 ) fm appro-
priate for the 17F+p system [5, 14, 15] has been utilized in
the calculation. The ground-state spin-parity configura-
tions of 17F and proton are 5/2+ and 1/2+, respectively.
Thus, there are two channel spins in the elastic channel,
i.e., s=2 or 3.
Four resonances, i.e., at Ex=6.15, 6.30, 6.85, and 7.05
MeV, have been analyzed and the most probable fitting
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FIG. 3: The c.m. differential cross-sections for elastically
scattered protons produced by bombarding a thick H2 gas
target with a 61.9 MeV 17F beam at scattering angles of (a)
θc.m.≈155
◦
±18◦ and (b) θc.m.≈138
◦
±22◦. The curve lines
represent the R-matrix fits in which a high-lying resonance
(Ex=7.35 MeV, J
pi=2+) was involved.
curves are shown in Fig. 3. It shows that the fitting
results at different scattering angles are well consistent
with each other. According to our R-matrix analysis,
a groove-like structure around Ec.m.=2.21 MeV corre-
sponding to the 6.15 MeV state in 18Ne can be fitted
as a 1− (s=2, ℓ=1), Γp=50 keV very well. This reso-
nance shape is totally different from the bump-like shape
observed in Ref. [6]. Thus, we now think that 1− assign-
ment to the key 6.15 MeV state is verified on a much
firmer experimental ground, and it is definitely the key
resonance in calculating the 14O(α,p)17F reaction rate
below 1.0 GK. An obvious structure at Ex=6.29 MeV
was observed in the excitation function, and its shape
is reproduced very well with Hahn et al. [5] resonant pa-
rameters, i.e., Ec.m.=2.37 MeV, J
pi=3−, and Γp=20 keV.
In Ref. [6], this state was not clearly observed and hence
not involved in their R-matrix fit. Moreover, a shoulder-
like structure around Ec.m.=2.93 MeV was clearly ob-
served as shown in Fig. 3. This should be a new state
at Ex=6.85 MeV. According to the R-matrix analysis, it
4is probably a Jpi=0− state (Γp∼50 keV). This new state
is most likely the analog state of 18O at Ex=6.880 MeV.
The energy shift of 30 keV is consistent with the small en-
ergy shift for the negative-parity states in this excitation
energy region [39]. The well-known state [14] at Ex=7.05
MeV (4+, Γp∼95 keV) was also observed at Ec.m.=3.13
MeV in the excitation function. However, the doublet
structure around Ex=7.05 and 7.12 MeV suggested in
Refs. [5, 17] could not be resolved within the present en-
ergy resolution (∼80 keV).
In a summary, four resonances in 18Ne, i.e., at
Ex=6.15, 6.30, 6.85, and 7.05 MeV, have been observed
clearly and analyzed in the present work. Especially, we
made a firm Jpi=1− assignment for the key state at 6.15
MeV of great astrophysical interest. The confirmative
spin-parity 1− assignment for this state clarifies the dis-
crepancies arising in the literature. In addition, a new
state observed at Ex=6.85 MeV was tentatively assigned
as Jpi=0−, which could be the mirror state of 6.880 MeV,
0− in 18O. The data analysis of the two-proton emission
from the resonances and the measured (p,α) cross sec-
tion data are still under progress, and the results will be
published elsewhere [38].
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